This work deals with the analysis of the effect of parameters' uncertainties in the modeling of electromagnetic devices by equivalent circuits. The sensitivity of the circuit output towards the uncertainty of the circuit parameter variations is defined and a technique for the evaluation of the response bounds in presence of given parameters variation intervals is proposed. Some conclusions on the actual precision and capability of the proposed bound determination technique are evidenced.
Influence of Parameters Uncertainties in Equivalent
Circuit Modeling of 3D Electromagnetic Devices 
Introduction
Uncertainties in the parameters can greatly influence the simulation of e.m. devices modeled by equivalent circuits. The accuracy of the utilized model is fundamental for a good simulation of the performances of the device in the design phase. In very complex systems the equivalent model is composed by a great quantity of resistances, capacitances and inductances mutually coupled, whose values are obtained by measurement on the physical structure. The value of these parameters determines the circuit response. The knowledge of each parameter's influence (on the output) allows establishing the accuracy of the measurements: it must be improved for those quantities that have a great influence on the circuit response and can be lower on the others. It is often possible to define a range of variation of each single parameter, and the goal is to determine the correspondent variation in the equivalent circuit output. Montecarlo methods are the most common technique, but require a great number of simulations, hence a high CPU time consumption [1] .
Some authors deal with the problem by defining a time domain sensitivity through which understand how the variation of the parameters could affect the response of an electric circuit (in [4] , [5] the particular case of a multiconductor transmission line is considered).
In order to predict the influence of parameters' uncertainties in the equivalent circuit we have defined a sensitivity function for the output of the system with respect to the variation of the parameters (with respect to a nominal value), and we introduce a straightforward, yet very accurate, procedure for the calculation of the response bounds i.e. the upper and lower envelopes of the output due to the parameters variation.
Mathematical Formulation
Sensitivity of the system with respect to parameters' variation
The behavior of a dynamical system can be written in terms of state equations as:
where x and u are the vectors of the state variables and of the input signals respectively and y is the output y. Provided the initial conditions x 0 , the solution of (1) is given by:
where y f is the response of the system with zero initial conditions; W(t) = Ce At B + Dδ(t) is the matrix of the impulsive outputs and δ(t) is the Dirac impulsive function. In the case of our problem, the matrices A and B depend on the system's parameters, and y f is the vector of the voltages of interest. In order to determine the influence of the variations of the circuit parameters on the response of a system we define a sensitivity function S i,j for the i th state variable x i with respect to the j th circuit parameter k j :
The state variable of our interest is one of the voltages V , hence in the following formulas we will always refer to the state variable V . By the sensitivity parameters above defined we can express the percent variation of the output voltage V , with respect to a nominal value V n as:
Expression (4) expressed as a percent variation with respect to the nominal value of each parameter (k i = k n i ± ∆k i %); hence the sum in (4) ranges from 1 to N . By the use of (4) it would be possible to calculate the voltage variation once the parameters variation is known; but as it has been discussed before the random nature of the variations of these parameters prevents the a priori calculation of ∆%.
Response Bounds Definition
A statistical approach by using the Monte Carlo method could be adopted in these cases; obviously such a method is not able to consider all the possible variations and their combinations, and is characterized by an extremely high CPU time consumption due to the necessity of running a great number of simulations. Then, it is useful to find expressions representing the lower and upper bounds of equation (4) . A possible upper bound for the absolute variations of (4) is given by:
where the maximum estimated variation has been assigned to each electrical parameter. Upper and lower bounds for the output voltage can be consequently written as:
Equation (5) can be also expressed by using the first order Taylor expansion as:
Equations (7) gives exact results in case the variation of the voltages with the parameters is linear. This is not true, hence they are an approximation of the real voltage variation. However we can say that it is valid in the interval of parameter variations where the voltage variations ∆V % are with good approximation linear. Another possibility to evaluate (5) is to assume a monotonic ∆V % dependence from the parameters values and consider its maximum value for the maximum value of each parameter
Equation (8) is also valid if ∆V % is not monotonic but reaches its maximum value for the parameter maximum value k max i .
Application
We consider a complex system, which simulates a data transmission interface (shown in fig. 1 ), composed of an Electrical Fast Transient surge generator, a clamp, a shielded cable over a ground plane terminated in a shielded box. An equivalent circuit to predict the effects of possible interference in a shielded cable for the data transmission system has been determined and a set of measurements have been defined for the evaluation of the equivalent circuit parameters ( [2] , [3] ).
The setup reported in Fig. 1 , is modeled by an equivalent circuit (whose block diagram is shown in Fig.  2 and is detailed in [2] ) that is composed by equivalent impedances and equivalent Transmission Lines (TL) sections. The characteristic impedance and delay time of the equivalent TL's and the equivalent impedances values have been measured from the experimental setup. In figure 3 is shown the output voltage, both measured and simulated, on the impedance Z 2 (on which the cable is terminated) considering as input signal a pulse simulating a possible interference that is coupled to the shielded cable (TL3 and TL4) under test by means of the clamp TL2.
A study of the sensitivity with respect to the variation of each parameter has been performed, and in figures 4, 5 the curves related to the least and most sensitive parameters are shown. The easiest and most convenient way for the proposed method is to evaluate the sensitivity numerically. The sensitivity have been calculated by considering a 1% variation of the parameters. The numerical results have shown that the most sensitive parameter is the delay time T d of the cable shield TL3, while the least sensitive parameter is the characteristic impedance Z 0 of the TL1 connecting the pulse generator to the clamp. Then it can be concluded that the higher precision must be taken in the measurement of the delay time of the cable shield. It has to be noted that the sensitivity as calculated in (3) becomes high when the generic state variable x i is close to zero, and tends to infinity when x i is equal to zero (regardless its variation). In this case the physical meaning of the sensitivity is of course reduced; on the other hand it is important to use the sensitivity parameter for qualitative analysis only when it is significant. For this reason the sensitivity can be considered significant only when the state variable x i is greater than 5% of the maximum value of x i in the observation interval. For a useful application of the method it is also significant to estimate the range of parameter variation that can be used in equation (7) and (8) to have an accurate evaluation of the bounds as obtained in Fig. 6 . For an exact characterization of the validity of the application of (7) and (8) a numerical evaluation of the trends for each parameter variation should be carried out reducing the advantage of the proposed technique. For instance in this case considering a 20% variation for the 8 parameters of the circuit and one simulation every 1% variation we would have 20 NOS for every parameter yielding 160 overall NOS. In the author experience this is a typical situation where the NOS needed with the proposed technique are about 1/4 of the Monte Carlo NOS. Moreover, a "rule of thumb" that in the author experience has always worked very well can be adopted to considerably reduce the NOS. We calculate the sensitivity functions for every parameter. The analysis of the sensitivity functions evidences the parameters that have the highest influence on the equivalent circuit response. Then the numerical evaluation is carried out only for these most important parameters. In the author experience the interval of validity of (7) and (8) checked only on these curves can be extended to all the parameters and gives a good evaluation of the overall response bounds. Figures 6 and 7 show the voltage variation (at different times) of the delay time Td of TL3 and the characteristic impedance Z 0 of TL1 obtained with the previous rule of 1 curve point every 1% variation of the parameter which usually gives an accurate curve description. By observing the two figures it is clear that the linear approximation is acceptable for a maximum variation of around 5% of Td while the linear approximation for a variation of Z0 is a good approximation also for bigger variations. Furthermore, the curves are monotonic in a 10% interval. Then, eq. (7) can be used in a 5% range of parameter 8) is valid in wider range 10% interval. This conclusion is clearly confirmed from figure 6 that evidences the accuracy of the obtained bounds for the adopted 10% variation of the parameters. The numerical cost of the proposed "rule of thumb" is the calculation of all the 8 sensitivity functions (one simulation for each parameter) and only the curve shown in Fig. 7 (20 simulations in the 20% variation interval) yielding a total number of 28 NOS that is again enormously less than the Monte Carlo 600 NOS.
Conclusion
A technique for the evaluation of the response bounds and the sensitivity of equivalent circuit models of electromagnetic devices, due to the parameters' uncertainty is here defined. In particular we have defined a sensitivity function and a simple and CPU time saving technique for the evaluation of the maximum and minimum of the response of the equivalent circuit. The technique has been tested on a complex system, and compared with Monte Carlo procedures and measurements. The results show the accuracy of the method, obtained by a very low number of simulations, and can be used to determine which parameter need to be determined with the higher accuracy.
